several limitations compared with automobile travel. For example, travel by transit involves walking in the first and last legs of a trip and potentially in the transfer between routes (if a direct route from the trip origin to destination is not available). Even though walking is a healthy mode of transportation, walking time can be intolerable if transit stations are far from the origin, the destination, or both. Therefore, transit use may be limited by physical access to transit stations and stops. Lei and Church call this first level of access to the transit system "system accessibility," distinct from the overall accessibility that the public transportation system provides (6) .
Even when a potential user is close enough to transit stops, travel time by transit is highly dependent on the routes and schedules of the regional transit system. Wait time at a transit stop may be significant if the arrival time of the traveler at the stop does not match the arrival time of the next transit vehicle. Also, transfer times between routes may be long, depending on the start times and scheduled times for both routes. Moreover, transit planning for a single route often needs to balance conflicting needs for provision: wide geographical coverage (frequent stops) and a high level of service (express routes that make few stops). Time lost in making stops can significantly increase travel time by transit. Lei and Church call this second level of accessibility that incorporates transit travel times "system-facilitated accessibility" (6) . It is more complicated to measure than the physical access to transit stations; this complexity makes it difficult to evaluate the performance of public transportation in terms of the accessibility provided between the population and destination activity sites, such as employment (7) (8) (9) , retail, and health care (10, 11) . It also is difficult to assess service gaps (12) and optimal stop spacing (13) and to compare the accessibility of private cars and transit in urban areas (6, 14) .
Studies on the spatial mismatch between residents and job opportunities are extremely important for understanding balance and mismatch between jobs and housing as well as the roles played by different modes (7) (8) (9) 15) . However, those studies suffer from major approximation issues that are improved upon in this paper. First, all the studies reviewed use geographic aggregates of residents and job opportunities in traffic analysis zones. These convenient geographic subdivisions have sizes similar to those of U.S. Census tracts and are block groups represented by a virtual center called the centroid. Analyses based on this geography suffer from ecological fallacy (i.e., taking averages over extremely heterogeneous urban forms and demographic characteristics). Second, the studies are based on very approximate representations of the transit network by excluding walking time to bus stops and stations and neglecting the impact
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Measurement, Findings, and Comparison with Automobile Accessibility Ting L. Lei, Yali Chen, and Konstadinos G. Goulias Accessibility to public transportation is an important element for the specification of activity participation and travel behavior models, the assessment of level of service by public transportation, equity analysis, and the design of public transportation provision. Although transit ridership is lower in the United States than in other countries, transit serves a segment of the population that may benefit substantially from its provision. The relative attractiveness of public transportation depends critically on its performance in terms of the accessibility provided to link people with employment and activity opportunities. In practice, an effective method to derive such indicators and related performance measures is lacking. An opportunity-based transit accessibility measure applied to the Southern California Association of Governments megaregion is presented. The indicators computed are sensitive to the availability of opportunities for travelers within a day (e.g., related to the opening and closing hours of businesses) and are a direct function of the transit routes and schedules and the associated spatiotemporal variation of level of service during a day. The method is described, examples on transit accessibility are provided, and the results are compared with automobile accessibility.
Lower transit ridership in the United States (∼2%) than in Canada (∼4%) and Western Europe (∼10%) is attributable to many factors, from automobile and fuel taxes to urban development policy to coordinated urban and transportation planning (1) (2) (3) (4) (5) . The Los Angeles County Metropolitan Transit Authority in southern California accounts for 481 million unlinked passenger trips annually (ranking third after New York City and Chicago, Illinois), which amount to 2,184 million miles of travel (ranking fourth nationally) (3). This rate is particularly promising considering the population composition of the region and recent legislation supporting the integration of land use with transportation policies and a move toward transit-oriented development.
Generally considered a potential means to solve issues associated with the reliance on private automobiles, transit travel actually has of transit schedule (e.g., frequency of bus service and frequency differences by time of day). Third, they assume that jobs are available at their highest level with the same intensity throughout a day. Specifically, in practice, many researchers and policy makers evaluate transit performance according to even simpler measures, such as the system access to transit stops (16) or proximity to transit routes (17) . In the rare cases in which system-facilitated transit access is considered, the studies often are based on certain simplifying assumptions of the routes or schedules of public transit (e.g., the use of frequencies and headways instead of published schedules or the use of heuristic rules to compute transfer times).
A practical reason for choosing approximate measures is the lack of detailed information. The use of transit schedules often is more complex than the assumption of fixed headways and intervals for a given transit line. For example, partial runs may be scheduled to run only at peak hours or to cover only certain sections along the full length of a route. Even though it is available at various transit agencies, such detailed information often is difficult to collect. More important is the lack of effective means to evaluate the transit level of service given the complexity and interconnection of routes and schedules. All this discussion highlights the extreme approximations even in studies that aim at equity assessments, and they are deleterious for the new generation of travel demand forecasting models that intend to use transit accessibility metrics as explanatory variables for activity-based models that are, by design, fine-grained spatiotemporal simulation models (10, 18) .
In this paper, a framework and a method are presented for evaluating transit accessibility at any time during a day. Its computation in terms of data used and algorithm design is provided in outline form, example computations are offered, and results are compared with automobile accessibility. To decrease ecological fallacy, the smallest possible geography is used with available data from the U.S. Census: city blocks from which centroid connectors to the network are much shorter than in other accessibility studies. In addition, a combined network of walking and public transportation is used that includes all public transportation modes (i.e., buses, trains, and subways). To capture the variability in jobs by time of day, timeof-day profiles of the percentage of people working in 15 types of industries are used. To the best of the authors' knowledge, this study is the first to assess transit accessibility at this level of fine spatial, temporal, and industrial detail.
The development presented here follows on the methods of Polzin et al. (19) and Bhat et al. (20) . Chen et al. published a companion paper that shows a similar effort but for automobile travel (21) . The study area is the Southern California Association of Governments (SCAG) region, which comprises approximately 18 million residents in 191 cities (http://www.scag.ca.gov/).
A key finding of the research on automobile accessibility in this region is the extreme difference in accessibility to different types of activity opportunities in space and time (e.g., retail accessibility is relatively high throughout the day, and accessibility to other activities drops substantially in the evening). Moreover, accessibility in the vicinity of major highways is consistently higher than in places served by lower-level roadway facilities. Similar patterns can be seen but with important transit-specific spatiotemporal trends. The bimodal (pedestrian and transit) network built for the SCAG region consists of 1,748 routes and 89,980 stops. Figure 1 illustrates the density of transit routes and stops in the center of Los Angeles. A new element in transit accessibility is presented here because the study entails massive amounts of data that have not been studied before, thereby representing a feasibility study for other applications.
The rest of the paper is organized as follows. First, an overview of the method is offered, and the construction of the bimodal network and the application of the schedule-based shortest-path algorithm are described. Next, experimental results are presented in which the transit accessibility for different sets of opportunities is shown, and the results are compared with automobile accessibility. The paper concludes with a summary and next steps.
Methodology
At the heart of the transit accessibility computation is a computationally efficient schedule-based shortest-path algorithm based on early work by Lei and Church (6) and Church et al. (22) . Other researchers have developed similar path-finding algorithms (5, 23, 24) . O'Sullivan et al. describe a shortest (time) path algorithm based on the Dijkstra algorithm, but details of the algorithm and data structure are not given (24) . They apply the algorithm to a transit network of bus and rail and map transit travel times to a central business district as a set of isochrones of travel times (i.e., contour lines representing locations that can be reached by the same travel time from an origin) in the geographic information system platform. In path calculation, they assume that the waiting time at a transit stop between bus routes or between bus and rail is one-half of the headway time. Huang proposes a pathfinding algorithm based on what is called the patternfirst-search method and proves the correctness of the algorithm (5). Then, Huang and Peng present the transit network data model used by the algorithm (23).
Lei and Church (6) and Church et al. (22) develop a schedulebased shortest-path algorithm that extends the Dijkstra algorithm. They present isochronic maps of transit travel times in Santa Barbara, California, as well as a ratio map of travel times by public transit (from their algorithm) and travel times by car (from a travel survey). They use an improved version of the modified Dijkstra's algorithm described by Church et al. (22) and published by Lei and Church (6) . The algorithm was improved by using an efficient implementation of the Dijkstra algorithm in the Boost C++ open source library, as is required by the sheer scale of the SCAG regional network.
One limitation of past research in transit accessibility is the lack of consideration for opportunities available to travelers, even though accessibility is by definition the ease with which people can reach their destinations or activity sites (25) . One way to model accessibility is to consider every origin and every destination and, for each origin, to count the number of destinations that a traveler can reach in 10 or 20 min (or any other travel time) to create a travel time buffer around each origin. The number of destinations a trip maker can reach within each buffer can be the number of locations in a specific industry (e.g., the number of medical centers, schools, or retail stores). Another option is to use the number of employees in each industry or each employment location of each industry.
More complicated accessibility measures involve discounting opportunities with functions of distance from each origin so that the accessibility measure is an integral centered on the origin location. Examples range from the well-known spatial interaction (gravity) model to negative exponential discounts (26) to axiomatic systems defining properties that accessibility measures should satisfy with respect to origin, attraction, and distance (1). The latter class of methods considers the effect of distance decay or generalized cost (a weighted mix of travel time and travel cost) to represent the loss of desirability for locations that are far away or more expensive to reach (in terms of time, distance, cost, or some combination) from an origin. Yet another set of metrics can be derived with random utility-based discrete choice models of destination-mode-activity choice (27) . However, these indicators make behavioral assumptions reflected in a time-distance-cost decay function or a random utility function that sometimes are not testable and require local calibration. Reviews of accessibility indicators are available elsewhere (2, 21) .
Work by Yoon and Goulias on the metrics needed to assess the activity opportunities available to participants during specific periods in a day motivates the present research to measure transit accessibility in terms of the number of opportunities that can be reached within a set of travel time buffers, which can be modified at will (28) . For a transit accessibility indicator to be realistic, transit travel times must be accurately measured and the evolution of the spatial and temporal distribution of opportunities during the day must be taken into account. The authors developed a software package to measure transit level of service that accounts for both aspects; its workflow is illustrated in Figure 2 .
As shown at the top of Figure 2 , the first task is to create a transit network. It is created by developing two utility programs that (a) create transit links from coordinates of transit stops and (b) collect schedule information, encode them appropriately, and store them as attributes of transit links. Given a specific time in a day (hh:mm), the formula to encode a given time is chr hh asc chr mm asc − ( ) ( )
where asc(c) is the ASCII code of a character c and chr(n) is the ASCII character for a number n. This coding scheme reduces the number of bytes needed to store a time from four to two and meanwhile retains some readability.
The source data used in this paper are from the Los Angeles County Metropolitan Transportation Authority Trip Master Database for the fourth quarter of 2008, as provided by SCAG staff. In practice, it is somewhat typical for transit authorities to publish schedules for only a subset of points, called timed points, along any given route. These points may or may not be actual stops. Therefore, the schedules for the rest of the stops in a route must be inferred by the schedulebuilding program, that is, depending on their (linear referencing) distances to the immediate neighboring timed points. Points that are not stops must be removed. The next step is to merge the transit network with the regular road network; the positions of transit stops from the transit database and on the road network usually do not match because the positions come from different sources. In the present case, the transit database was from the Los Angeles County Metropolitan Transit Authority data and the (regular) road network was from the Dynamap 2000 dataset. Three types of spatial mismatch must be addressed in conflating the transit network stops with the regular road network: a transit stop may be too far from any road link, a stop may be close enough to a road link but far from any road junction point, and two consecutive transit stops in a route may be attached to the same junction point on the road network. This last case effectively will create a zero-length transit link, bypassing the encoded transit schedules. These problems are illustrated in Figure 3 .
To address the first issue, the (regular) road network is modified as follows. First, if a transit stop is 50 meters away from any road links, a special access link is added from the stop to the nearest location on the nearest road link (Figure 3b ). At the same time, a junction node is inserted at the intersection point of the access link and the road link. Second, if a stop is more than 50 meters away from any existing junction in the road network after the first step, then a new node is inserted at the closest location on the network (similar to the first case) and then the stop is moved to the closest point. In total, 6,370 such stops were identified and processed. To address the issue of zero-length transit links, 499 such stops were identified, and a junction node was inserted in the road network for each stop regardless of its proximity to a junction.
As is the case with many transportation analyses, the data collection and preparation procedures described so far are often timeconsuming yet critical because they dictate the accuracy and the types of analysis that can be conducted. For the analysis of transit accessibility, the details captured in the above procedures are particularly important because walking is costly in terms of its share of total travel time by transit. Overoptimistic transit travel times will be generated if transit stops are attached directly to the nearest road junctions.
After the appropriately augmented road network has been created, the next task is to build a data structure to describe the connectivity (or topology) of the combined transit and road network. It is required for the shortest-path algorithm to run on the bimodal network. Although there are alternative ways to accomplish this, the authors used the geometric network from Esri ArcGIS because it can be used easily to combine line data with heterogeneous data structures.
The core algorithm for computing transit travel time is a schedulebased shortest-path algorithm developed following on the work of Church et al. (22) and Lei and Church (6) . The algorithm is implemented with the open source C++ Boost Graph Library (BGL). The connectivity information is directly loaded from the geometric network into BGL's internal data structure using application programming interfaces from each respective package. The Dijkstra implementation in BGL is enhanced with the capability to calculate the time cost of traversing a given transit link. This calculation is based on the encoded departure and arrival timetables stored on the link and the current distance-time label in the label-setting Dijkstra algorithm.
The last step is to compute transit accessibility for each population center. As described earlier, the measure of accessibility used is based on the number of opportunities that can be reached within a prespecified time limit. A population center in this experiment represents a census block in the SCAG region. Walking times from the origin and destination block centroid are calculated and added to the total travel time for each origin-destination (O-D) pair. In the automobile version of this accessibility calculation, 203,000 origins, destinations, and travel times were computed with a combination of a simulation model and assumed travel speeds for local roadways.
Published schedules and assumptions about walking speed were used for the transit exercise reported here. For each expected (a) (b)
FIGURE 3 Matching (a) transit stops (triangles) with (b) regular network (dots indicate road junctions).
departure or arrival time, travel times between all O-D pairs for the 203,191 block centroids were computed and stored in a distance (travel time) matrix file. A utility program was developed to compute the accessibility indicators based on the distance (travel time) matrices. The first and last legs of a trip are not counted in calculating automobile travel time because they are negligible compared with total travel time; in the transit case, they can be significant or even dominant in short trips. In this algorithm, walking time assumes that the transit user will walk to the nearest node in the bimodal (walk and transit) network from the centroid of his or her block following the straight line between the two points. Walking time is calculated as distance divided by a walking speed of 60 m/min, then multiplied by a discount factor of 0.5. The block centroid represents the worst-case walking time for all points in a street block, and locations by sidewalks have zero walking time. The discounted distance from the centroid to the streets is an estimate of average walking time; however, this factor can be modified when local walking data are available. An example illustrates the method. Suppose a potential transit user starts his or her trip from a block centroid in the top right corner of Figure 3b . The user first walks to the intersection of 6th and Lincoln Streets, which is a network node. From this point on, the revised Dijkstra algorithm takes over. It marks this node with a time cost equal to the initial walk time (to reach this node) and records the initial arrival time at the node. Then, similar to the regular Dijkstra's algorithm, the revised algorithm iteratively chooses the node with the smallest time cost label and computes cost labels for its immediate neighboring network nodes. If the arc to a neighboring node is a regular road, then the cost of traversing the link is computed as link length divided by walking speed; otherwise, the link being traversed is a transit link. The revised algorithm computes the cost to traverse the link from the array of departure and arrival times that were stored in the attributes of the transit link when the transit network was built. After labels are computed for all neighboring nodes, the incumbent smallest cost node is marked as permanent and excluded from further consideration. The revised Dijkstra algorithm stops when all network nodes are marked with their appropriate time costs. Then, travel time is computed for the walk between the destination and its nearest network node in a manner similar to the walking time computation on the origin side.
The procedure for using the modified Dijkstra algorithm is as follows:
1. Set the label for the source node to zero and the labels for all other nodes to infinity. Mark all nodes as unvisited.
2. Set the source node as the current node.
3. For the current node, calculate a tentative label for each one of its neighboring nodes by adding the label of the current node and the cost to traverse the arc connecting the current node and the neighboring node. Update the label for the neighboring node if the tentative label for the neighbor is less than its current value.
-If the link connecting the current node and a neighboring node is a regular road link, then the cost to traverse the link is the length of the link divided by the traveling or walking speed.
-If the link connecting the current node and a neighboring node is a transit link, then look at the array of departure times and find the earliest transit departure time after the passenger arrival time at the current node. The arrival time at the current node is the sum of the passenger departure time for the entire trip plus its cost label.
4. When all the neighbors of the current node are updated, mark the current node as visited; its distance is now permanent. Mark the unvisited node with the lowest tentative distances as the current node. Repeat Step 3 until the set of unvisited nodes is empty.
ACCessibility CoMputAtion And exAMples
The output of the shortest-path computation is a matrix of travel times. Each row contains travel times from a given origin to all possible destinations. A buffer for each origin is defined by cutting off the travel times at a given time value and identifying all the blocks within the buffer. The attributes of these blocks (in this case, the number of people working in each industry) are summed and considered to represent the amount of opportunities that can be reached within the prespecified travel time value that defines the buffer.
The 15 industry types used are agriculture, forestry, fishing and hunting, and mining; construction; manufacturing; wholesale trade; retail trade; transportation and warehousing, and utilities; information; finance, insurance, real estate, and rental and leasing; professional, scientific, management, administrative, and waste management services; education; health; arts, entertainment, recreation, accommodation, and food services; other services (except public administration); public administration; and armed forces. Not all employees in each industry are available at all times of a day, so the time-of-day profiles of the percentage of employees available were created with a procedure that is based on survey data and used for highway accessibility (21) . Some examples of transit accessibility are provided next. Figure 4 illustrates retail accessibility-that is, the maximum number of retail employees reachable within 10 min during two time periods in central Los Angeles. The morning peak and evening (after afternoon peak) were selected to show the difference by time of day and because they correspond to periods in the travel time calculation of the highway travel network. The number of reachable opportunities decreases from morning peak to evening. Changes in the percentage of reachable retail employees and in travel time due to different transit schedules cause time-of-day changes in accessibility. When the same calculations were repeated with a 20-min travel time buffer, the maps in Figure 5 were obtained. As expected, the time-of-day pattern is similar to that in Figure 4 but with a clearly identified neighborhood of the widespread availability of retail stores. Similar computational steps were followed for education accessibility, arranged in a way that illustrates the differences with automobile accessibility. For public transportation, the maps in Figures 6 and 7 exhibit changes in time-of-day trends similar to those in the retail industry. As expected, the shape of activity opportunities was different between retail and education, which is the outcome of differences in the spatial and temporal distribution of these two industries. These differences were studied to explain activity location choice and mode.
In sharp contrast to the transit accessibility indicators, similar maps developed for automobile travel yield the illustrations in Figures 6b and 7b . High accessibility is obtained not only for the evening (when highways are less congested) but also during the morning peak, despite the lower speed. It is a fundamental disadvantage of public transportation and points to the possibility of restraining automobiles during the morning peak to make transit more competitive. In addition, when travelers need to participate in activities in the evening (after the afternoon peak), transit is not a viable option to the private automobile, again pointing to another possible policy of public transportation provision in the evening to serve specific activities such as education (e.g., adult education and retraining facilities).
ConClusions And Future Work
In this paper, a new method for computing dynamic transit accessibility indicators is presented with information about transit schedules and activity opportunities available during a day. It also includes walking time to each transit stop and can be used to compute accessibility at any time of day. The task of increasing spatial resolution and accounting for time-of-day variations in transit schedules and availability of opportunities can be done with existing data and can identify specific locations and routes that could benefit from tailored improvements in transit scheduling (e.g., more buses in the evening). Study results confirm those of past studies that used coarser spatial and temporal resolution and show that mode-specific analyses should be done to assess the equity and availability of opportunities for jobs and opportunities for participation in activities.
In addition, transit and automobile accessibility are compared with the same dynamically changing urban landscape but different methods of travel time computation. As expected, automobile accessibility is consistently superior in time and space-even though transit supply (in terms of the physical facility) is very high in parts of the regionand transit routes in this region offer a corridor of relatively high accessibility for medium-length (e.g., 20 min) trips.
The indicators developed here can be used in various ways. They can be used to study the spatial distributions of opportunities and their relationships to the resident population. They also are very good explanatory variables of behavior and can be used in the same way as was done with their automobile counterparts. They are the base information needed for equity analysis at fine spatial resolution and to perform gap analysis, and this type of analysis is needed to identify food deserts when additional data about the supply of healthy foods are added (29) . Components of the method can be used for optimal service design and assessment of service improvements when small changes are made to the schedule or stop locations.
One limitation is that quite large blocks might encourage ecological fallacy if a service should be studied in them. Another limitation is that the automobile travel times used in the analysis do not include parking times at the origin and destination of each trip. As Lei and Church show, in very limited regions with good transit service, travel times by transit can actually be shorter than reported automobile travel times in a travel survey (6) . These limitations are left as future tasks that may follow the creation of microsimulation model systems that are currently developed for many regions in the United States. 
